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The Lundberg-Palmgren equa t ion  was m o d i f i e d  t o  show t h e  e f f e c t  on r o l l i n g - e l e m e n t  f a t i g u e  l i f e  o f  
removing by  g r i n d i n g  a p o r t i o n  o f  t h e  s t ressed  volume o f  t h e  raceways o f  a ro l l i ng -e lemen t  bear ing .  - Resu l t s  o f  t h i s  a n a l y s i s  show t h a t  depending on t h e  amount o f  m a t e r i a l  removed, and depending on t h e  
cu i n i t i a l  r u n n i n g  t i m e  o f  t h e  bear ing  when m a t e r i a l  removal occurs,  t h e  10-percent l i f e  o f  t h e  reground 
a bear ings  ranges f rom 74 t o  100 pe rcen t  o f  t h e  10-percent l i f e  o f  a brand new bear ing .  Three b e a r i n g  
t ypes  were s e l e c t e d  f o r  t e s t i n g .  A t o t a l  o f  250 bear ings  were reground. O f  t h i s  number, 30 bear ings  
f rom each t y p e  were endurance t e s t e d  t o  1600 h r .  
removal .  Two bear ing  f a i l u r e s  occur red  due t o  d e f e c t i v e  r o l l i n g  elements and were t y p i c a l  o f  those 
which may occur  i n  new bear ings .  
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No bear ing  f a i l u r e  occur red  r e l a t e d  t o  m a t e r i a l  
INTRODUCTION 
The l a s t  f o u r  decades have seen a s i g n i f i c a n t  
i nc rease  i n  t h e  s e v e r i t y  o f  a p p l i c a t i o n s  i n  
wh ich  r o l l i n g - e l e m e n t  bea r ings  a r e  expected t o  
f u n c t i o n  r e l i a b l y  and w i t h  l o n g  l i f e .  R o l l i n g -  
element bea r ings  a r e  now r e q u i r e d  t o  ope ra te  a t  
much h i g h e r  speeds and, t o  a l e s s e r  ex ten t ,  
h i g h e r  temperatures than i n  t h e  e a r l y  1940's.  
The increased speed and tempera ture  requ i rements  
o r i g i n a t e d  p r i n c i p a l l y  w i t h  t h e  advent o f  t h e  
a i r c r a f t  gas t u r b i n e  engine. I t s  development, 
coup led  w i t h  t h e  appearance o f  a v a r i e t y  o f  
high-speed t u r b i n e - d r i v e n  machines, has r e s u l t e d  
i n  a wide range o f  ro l l i ng -e lemen t  bea r ing  
requ i rements  f o r  main-shaft ,  accessory, and 
t ransmiss ion  a p p l i c a t i o n s .  
C l a s s i c a l  ro l l i ng -e lemen t  f a t i g u e  which i s  
o f  subsur face  o r i g i n  has been cons idered t h e  
pr ime l i f e  l i m i t i n g  f a c t o r  f o r  r o l l i n g - e l e m e n t  
bea r ings  a l though a c t u a l l y  l e s s  than 10 percent  
o f  them f a i l  by f a t i g u e .  Wi th  p roper  design, 
hand l ing ,  i n s t a l l a t i o n ,  l u b r i c a t i o n ,  and system 
c l e a n l i n e s s ,  a ro l l i ng -e lemen t  bea r ing  w i l l  
e v e n t u a l l y  f a i l  b y  f a t i g u e .  Because f a t i g u e  
r e s u l t s  f rom m a t e r i a l  weaknesses, research  t o  
imprqve m a t e r i a l  q u a l i t y  has been a c o n t i n u i n g  
a c t i v i t y .  
f a i l u r e s  a r e  due t o  causes such as l u b r i c a n t  
f l ow  i n t e r r u p t i o n ,  l u b r i c a n t  con taminat ion ,  
l u b r i c a n t  d e t e r i o r a t i o n ,  excess ive  d i r t  inges- 
t i o n ,  improper bea r ing  i n s t a l l a t i o n ,  i n c o r r e c t  
mount ing  f i t s ,  m ishand l ing  o f  bear ings  p r i o r  t o  
i n s t a l l a t i o n ,  i n s t a l l i n g  a contaminated bear ing ,  
manu fac tu r ing  de fec ts ,  r i n g  growth i n  se rv i ce ,  
and co r ros ion .  
The remain ing  90  pe rcen t  o f  t h e  
Nonmeta l l i c  i n c l u s i o n s  a re  one cause o f  
c l a s s i c a l  r o l l i n g - e l e m e n t  f a t i g u e  (1-5) .  Bas ic  
i n c l u s i o n  t ypes  i n c l u d e  s u l f i d e s ,  a luminates,  
s i l i c a t e s ,  and g l o b u l a r  oxides. These i n c l u -  
s i o n s  may a c t  as s t r e s s  r a i s e r s  s i m i l a r  t o  
notches i n  t e n s i o n  and compression specimens o r  
i n  r o t a t i n g  beam specimens. I n c i p i e n t  c racks  
emanate f rom these i n c l u s i o n s  (F ig .  l ) ,  en la rge  
and propagate under repeated  s t resses  fo rm ing  a 
network o f  c racks  which fo rm i n t o  a f a t i g u e  
spa11 o r  p i t  (F ig .  2 ) .  
propagate i n  a p lane  approx imate ly  45' t o  t h e  
normal; t h a t  i s ,  t h e y  appear t o  be i n  t h e  p lane 
o f  maximum shear inq  s t ress .  
n o n m e t a l l i c  i n c l u s i o n s ,  l a r g e  ca rb ides  can a c t  
as s t r e s s  r a i s e r s  and nuc lea te  f a t i g u e  c racks  
(6,7). 
One method f o r  i n c r e a s i n g  r o l l i n g - e l e m e n t  
bea r ing  l i f e ,  r e l i a b i l i t y ,  and l o a d  c a p a c i t y  i s  
t o  e l i m i n a t e  o r  reduce n o n m e t a l l i c  i n c l u s i o n s ,  
entrapped gases, and t r a c e  elements. 
s t e e l  i n  a vacuum p rov ides  l a r g e  l i f e  improve- 
ments (8-10). Double vacuum-melted bear inq  
s t e e l ,  now commerc ia l l y  a v a i l a b l e ,  i s  processed 
w i t h  t h e  f i r s t  heat  be ing  vacuum i n d u c t i o n  
mel ted  (VIM). The m a t e r i a l  i s  subsequent ly  
vacuum a rc  remel ted  (VAR). The r e s u l t  i s  a 
m a t e r i a l  w i t h  marked r e d u c t i o n s  i n  n o n m e t a l l i c  
i n c l u s i o n s ,  gas conten t ,  and t r a c e  i m p u r i t i e s  
(11). Tests  w i t h  120-mm bore  b a l l  bea r ings  made 
from VIM-VAR A I S 1  M-50 s t e e l  produced f a t i g u e  
l i v e s  a t  l e a s t  seven t imes  t h a t  achieved b y  
vacuum a rc  reme l ted  s t e e l  ( 1 2 ) .  Hence, t h e  
p r o b a b i l i t y  o f  subsur face  f a t i g u e  can be  g r e a t l y  
min imized w i t h i n  c u r r e n t  t i m e  between overhaul  
(TBO) i n t e r v a l s  and bear ing  s t e e l  
s ta te -o f - the-ar t .  
I n  general ,  t h e  c racks  
I n  a d d i t i o n  t o  
M e l t i n g  
F a i l u r e  by  t h e  o t h e r  modes enumerated above 
a re  f o r  t h e  most p a r t  nonpred ic tab le  and tend  t o  
be  su r face  as opposed t o  subsur face  o r i g i n a t e d .  
I n  general ,  these f a i l u r e s  due t o  su r face  o r i g -  
i n a t e d  de fec ts ,  occur  much e a r l i e r  t han  those 
f a i l u r e s  due t o  c l a s s i c a l  r o l l i n g - e l e m e n t  
f a t i g u e  (13-15). As a r e s u l t ,  i n  a i r c r a f t  
engine and t ransmiss ion  a p p l i c a t i o n s ,  a l a r q e  
number o f  bea r ings  a re  d i sca rded  a t  overhau l  o r  
d u r i n g  p e r i o d i c  maintenance. 
I t  has been a p r a c t i c e  i n  commercial and 
m i l i t a r y  a i r c r a f t  a p p l i c a t i o n  t h a t  bea r ings  
removed a t  overhaul  be re fu rb i shed .  Bear ings  
a re  disassembled, cleaned, and v i s u a l l y  and 
d imens iona l l y  inspec ted .  I f  no major  imperfec- 
t i o n s  a re  found, t h e  bear ings  a r e  reassembled, 
l u b r i c a t e d ,  and packaged f o r  f u r t h e r  se rv i ce .  
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I n  some cases new rolling-elements are inserted 
(16). 
sents a logical extension of the practice of 
bearing refurbishment. Restoration entails 
grinding the races and other critical surfaces 
of used bearings to their original characteris- 
tics and dimensions. Grinding can remove race- 
way imperfections to significant depths below 
the surface. In addition, this stock removal 
is accomplished by grinding races on the same 
machines and with the same controls that are 
used in the manufacture of new bearing raceways. 
The result is geometrical accuracy and surface 
finished identical to new bearing raceways (17). 
Bearing regrinding or restoration repre- 
The objectives of the work reported herein 
were: (1) to determine analytically the addi- 
tional life potential of refurbished and 
reground rol ling-element bearings; (2) determine 
the endurance characteristics of reground bear- 
ings under simulated operating conditions; and 
(3) determine post-test condition of the 
reground bearings. 
SYMBOLS 
a 
C 
e 
F 
h 
L10 
L50 
1 
q 
R10 
S 
V 
X 
Z 
ZO 
rl 
a 
01 *a2 
T 
semiwidth of Hertzian contact ellipse 
exponent 
Weibull slope 
probability of failure 
exponent 
IO-percent life of brand new bearing 
50-percent life of brand new bearing 
l m n t h  nf rolling track, m (in) 
maximum Hertzian contact stress, N/m2 
10-percent life o f  refurbished and 
restored bearinq 
probabi 1 i ty of survi Val 
stressed volume, in3 (in.3) 
fraction o f  stress volume removed 
depth under surface, m (in.) 
depth to maximum orthogonal reversing 
shear stress, in (in.) 
number o f  stress cycles 
lubricant film parameter h/o 
(Psi 1 
composite surface finish, {m, um (uin.1 
surface finish of raceways and 
rol ling-elements, respectively, 
um (uin.1 
subsurface orthogonal reversing shear 
stress, N/m2 (psi) 
maximum value of T, N/m2 (psi) T O  
Subscripts 
n new material 
r refurbished and restored bearings 
t time of restoration 
U used material 
0 corresponding to or = 0 
RESTORATION PROCEDURE 
When a bearing raceway is damaged by fatigue 
spalling, it is not considered for restoration 
by grinding. 
damage to the bearing raceways, caused by dirt 
or fatigue debris from the rolling elements, 
raceways can often be restored by grinding. 
general superficial damage extends ~ 0 . 0 5  mm 
(0.002 in.) from the surface. 
The process of bearing restoration by 
grinding was first reported in References (17) 
and (18). Rejected bearings are disassembled, 
the components are visually inspected, and the 
hardnesses of the bearing races are measured. 
The components that are determined to be restor- 
able are dimensionally inspected. 
sary, the bearing faces, bores, and outer 
diameters are ground and either nickel or chrome 
plated to a thickness that will allow the sur- 
faces to be reground to the original blueprint 
dimensions. Both inner and outer raceways are 
ground t o  a depth of at least 0.05 mm 
(0.002 i n . )  but not more than 0.15 mm 
(0.006 in.), which removes all superficial dam- 
age and a large portion of the fatigue damaged 
stressed volume. The surface is finished to its 
original blueprint specification. The bearing 
is then refitted with new rolling elements hav- 
ing a diameter equal to the diameter of the 
elements previously contained in the bearing 
plus twice the depth of regrinding. 
separator is stripped of its silver plating, 
where applicable, inspected for cracks, and 
replated. 
within the separator and the bearing is 
reassembled. 
If, however, there is superficial 
In 
Where neces- 
The bearing 
The new rolling elements are placed 
For the cylindrical roller bearings the 
procedure is the same except that the roller 
length as well as the roller diameter are 
increased by a value of twice the depth of 
regri ndi ng . 
For ball bearings the effective race curv- 
ature is the same as the original dimensions 
within significant mathematical values. The 
original values of contact angle, resting anqle, 
and radial clearance are the same. Although the 
restored bearing contains oversize balls and 
oversize raceways, the total effective qeometry 
o f  the bearing has not been changed, and conse- 
quently, the contact stress level will be 
essentially identical to that of the original 
bearing. 
FAILURE THEORY 
The accepted method for calculating rolling- 
element bearing fatigue life is based on the 
Lundberg-Palmgren 1 ife formula (19-21). This 
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fo rmula  descr ibes  t h e  f u n c t i o n a l  r e l a t i o n s  among 
t h e  p r o b a b i l i t y  o f  s u r v i v a l ,  t h e  number o f  
s t r e s s  cyc les  t o  f a i l u r e ,  s t ress ,  s t ressed  v01- 
ume, and depth o f  occurrence o f  t h e  maximum 
or thogona l  r e v e r s i n g  shear s t ress .  The s t a t i s -  
t i c a l  d i s p e r s i o n  i n  l i f e  s a t i s f i e s  t h e  Weibu l l  
d i s t r i b u t i o n  as f o l l o w s :  
c e  
h 
1 TOv l o g  s = - 
z O  
where V = 2 a l zo  
I n  t h e  p resen t  case a comparison o f  t h e  l i f e  o f  
r e s t o r e d  o r  r e f u r b i s h e d  bear ings  t o  t h e  l i f e  o f  
brand new bear ings  i s  requ i red .  Fo r  t h e  purpose 
o f  comparing t h e  f a i l u r e  d i s t r i b u t i o n s  o f  t h e  
two groups, a cons tan t  o f  p r o p o r t i o n a l i t y  i s  n o t  
r e q u i r e d  i n  equa t ion  (1). 
The b a s i c  f a i l u r e  t h e o r y  w i l l  now be 
a p p l i e d  t o  ana lyz ing  t h e  r e l i a b i l i t y  o f  r e f u r -  
b ished and r e s t o r e d  bear ings  ( 2 2 ) .  
assumed t h a t  when r e f u r b i s h e d  and r e s t o r e d  bear- 
i n g s  a r e  p u t  back i n t o  s e r v i c e  t h e y  a r e  r u n  
under t h e  o r i g i n a l  s e r v i c e  cond i t i ons .  The 
maximum va lue  o f  t h e  or thogona l  r e v e r s i n g  shear 
s t r e s s  i s  unchanged, b u t  i t s  l o c a t i o n  i s  s h i f t e d  
deeper i n t o  t h e  o r i g i n a l  bea r ing  m a t e r i a l  
acco rd ing  t o  t h e  amount o f  m a t e r i a l  removed 
d u r i n g  g r ind ing .  (See F i g .  3.) Therefore,  t h e  
s t ressed  volume o f  a r e s t o r e d  bear ing  i s  com- 
posed o f  a newly s t ressed  p o r t i o n  and an o l d e r  
P o r t i o n  w i t h  a h i s t o r y  o f  s t r e s s  c y c l e s  on it. 
The p r o b a b i l i t y  of  s u r v i v a l  o f  t h e  r e s t o r e d  
b e a r i n g  i s  equal  t o  t h e  p roduc t  o f  t h e  proba- 
b i l i t i e s  o f  s u r v i v a l  o f  t h e  new m a t e r i a l  w i t h  
t h a t  o f  t h e  used m a t e r i a l .  
L e t  i t  be 
sr = snsu 
The removal  o f  a m a t e r i a l  l a y e r  o f  t h e  
s t r e s s e d  volume i n  t h e  f r a c t i o n a l  amount x 
exposes a new l a y e r  o f  m a t e r i a l .  The p r o b a b i l -  
i t y  o f  s u r v i v a l  f o r  t h i s  l a y e r  i s  based on 
equa t ion  (1) : 
( 3 )  
where L10 i s  t h e  10-percent l i f e  o f  t h e  
o r i g i n a l  bea r ing  and nr i s  t h e  a d d i t i o n a l  
number o f  s t r e s s  c y c l e s  a f t e r  r e s t o r a t i o n .  
Next, cons ide r  t h e  used n a t e r i a l  p o r t i o n  
o f  t h e  s t ressed  volume. I f  t h e  c y c l e s  o f  s t r e s s  
accumulated b e f o r e  r e s t o r a t i o n  a r e  denoted by  
q t ,  t h e n  t h e  f o l l o w i n g  equa t ion  g i v e s  t h e  
p r o b a b i l i t y  o f  s u r v i v a l  f o r  t h e  used p o r t i o n  o f  
t h e  m a t e r i a l  i n  t h e  r e s t o r e d  bear ing :  
The p r o b a b i l i t y  o f  s u r v i v a l  o f  t h e  used m a t e r i a l  
i s  So when n r  = 0 ( i .e. ,  as soon as t h e  
b e a r i n g  i s  s t a r t e d  i n  o p e r a t i o n  aga in) .  
ever ,  So c l accord ing  t o  equat ion  (4 ) .  
means t h a t  t h e r e  i s  a f i n i t e  p r o b a b i l i t y  o f  
f a i l u r e  F o  immediately on s t a r t i n g  t h e  
r e s t o r e d  bear ing :  
How- 
T h i s  
FO = 1 - SO 
The p h v s i c a l  reasons f o r  t h i s  a r e  s i m p l y  t h a t  
t h e  m a t e r i a l  has a l ready  endured rtt s t r e s s  
c y c l e s  and t h a t  some o f  t h e  bear ings  have been 
damaged. However, i t  must be assumed t h a t  such 
bear ings  w i l l  be de tec ted  d u r i n g  i n s p e c t i o n  and 
scrapped. 
ure, wh ich  i n c l u d e s  t h e  e f f e c t  o f  hav inq  d i s -  
carded t h e  bear ings  expected t o  immedia te ly  
f a i l  due t o  i n c i p i e n t  cracks,  i s  g i ven  by  t h e  
f o 1 1 ow i ng equa t ion  : 
The normal ized  p r o b a b i l i t y  o f  f a i l -  
The e x t r e s s i o n s  
and equat ions  ( 5  
t h e  normal ized  p 
used m a t e r i a l  as 
F - F  
F =A 
so 
Su = 1 - Fu 
S = l - F  
and ( 6 )  may be used t o  w r  
o b a b i l i t y  o f  s u r v i v a l  f o r  
f 01 1 ows : 
S s = -  
so 
(7b )  
t e  
he 
From equat ions  ( 2 )  t o  ( 4 )  and (8)  t h e  p r o b a b i l -  
i t y  o f  s u r v i v a l  f o r  t h e  r e s t o r e d  bear ing  i s  
w r i t t e n  as a f u n c t i o n  o f  t h e  t i m e  a t  which 
r e s t o r a t i o n  occurs  and f r a c t i o n  o f  s t ressed  
volume removed. 
Equat ion  ( 9 )  g i v e s  t h e  p r o b a b i l i t y  o f  s u r v i v a l  
t h a t  would be expected i f  an endurance t e s t  
were r u n  on a group o f  r e s t o r e d  bear ings .  
RESTORED BEARINGS AND PROCEDURE 
Bear ing  r e g r i n d i n g  
Bear ings  r e j e c t e d  f o r  reuse i n  a p p l i c a t i o n  were 
disassembled i n t o  i t s  component p a r t s .  
components were v i s u a l l y  inspec ted ,  and t h e  
hardness o f  t h e  b e a r i n g  races  were measured. 
The bear ing  components were e i t h e r  p u t  as ide  f o r  
r e g r i n d i n g  o r  scrapped. 
ab le  were d imens iona l l y  inspec ted .  
sary,  t h e  bear ing  faces, bores, and o u t e r  
d iameters  were ground and e i t h e r  n i c k e l  o r  
chrome p l a t e d  t o  a th i ckness  t h a t  w i l l  a l l o w  t h e  
su r faces  t o  be reground t o  t h e  o r i g i n a l  p r i n t  
dimensions. 
,/ 
These 
Those components determined t o  be  r e s t o r -  
Where neces- 
Both  i n n e r  and o u t e r  raceways were ground 
t o  a depth  n o t  exceeding t h e  maximum depth  o f  
t h e  maximum reso lved  shear ing  s t r e s s  under t h e i r  
maximum loaded c o n d i t i o n  b u t  n o t  l e s s  than 
0.05 mm (0.002 i n . ) .  
ma in ta ined t o  i t s  o r i q i n a l  p r i n t  s p e c i f i c a t i o n .  
The bear ing  was then r e f i t t e d  w i t h  new r o l l i n g  
The su r faces  f i n i s h  was 
3 
-- 
elements o f  a diameter equal  t o  t h e  d iameter  o f  
t h e  elements p r e v i o u s l y  con ta ined  i n  t h e  bear ing  
p l u s  t w i c e  t h e  depth  o f  r e g r i n d i n g .  
F o r  t h e  b a l l  bear ings  t h e  e f f e c t i v e  r a c e  
c u r v a t u r e  was i d e n t i c a l  t o  t h e  o r i g i n a l  dimen- 
s i o n s  w i t h i n  s i g n i f i c a n t  mati-,ematical values. 
The o r i g i n a l  values o f  c o n t a c t  angles,  r e s t i n g  
angle, and r a d i a l  c lea rance  remained unchanged. 
A l though t h e  r e s t o r e d  bear ing  con ta ined  o v e r s i z e  
b a l l s  and o v e r s i z e  raceways, t h e  t o t a l  e f f e c t i v e  
geometry o f  t h e  bear ing  had n o t  been changed, 
and consequent ly,  t h e  c o n t a c t  s t r e s s  l e v e l  and 
c a l c u l a t e d  b e a r i n g  l i f e  o f  t h e  r e s t o r e d  b e a r i n g  
were e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  o f  t h e  o r i g -  
i n a l  bear ing .  The b e a r i n g  separa to r  was 
s t r i p p e d  o f  i t s  s i l v e r  p l a t i n g ,  where a p p l i c -  
able,  i nspec ted  f o r  c racks  and r e p l a t e d .  The 
new, ove rs i zed  r o l l i n g  elements were p laced  
w i t h i n  t h e  separa tor ,  and t h e  bear ing  was 
reassembled. 
Fo r  c y l i n d r i c a l  r o l l e r  bea r ings  t h e  proce- 
du re  as o u t l i n e d  above was t h e  same w i th  t h e  
excep t ion  t h a t  t h e  r o l l e r  l e n g t h  as w e l l  as t h e  
r o l l e r  d iameter  were inc reased b y  a va lue  t w i c e  
o f  t h e  depth  o f  r e g r i n d i n g .  
Test aear ings  
Three b e a r i n g  t ypes  were s e l e c t e d  f o r  r e g r i n d i n g  
and t e s t i n g .  The bear ings  were s e l e c t e d  based 
upon t h e i r  h i g h  replacement r a t e s  d u r i n g  main- 
tenance and overhau l .  
f i e d  i n  Tab le  1 toge the r  w i t h  t h e i r  
s p e c i f i c a t i o n s .  
The 210-size (50-mm bore )  s p l i t  i n n e r - r i n g  
b a l l  bea r ing  i s  shown i n  F ig .  4 (a ) .  
i n g s  a r e  made f r o m  A I S I  52100 s t e e l  b y  a s i n g l e  
manufacturer.  
wh ich  i s  made f rom s i l v e r - p l a t e d  bronze i s  o f  a 
one-piece des ign  and i s  i nne r - l and  r i d i n g .  
These a r e  ma insha f t  bea r ings  f rom t h e  f r o n t  
compressor p o s i t i o n  o f  a gas t u r b i n e  engine. 
Engine o p e r a t i n g  c o n d i t i o n s  f o r  t h e  b e a r i n g  
i n c l u d e  a speed o f  24 000 rpm and a t h r u s t  l o a d  
o f  2002 N (450 l b ) .  Bear ing  o i l - i n  temper$ ture  
i n  t h e  eng ine  i s  approx imate ly  366 K (200 F )  
and o i l - o u t  tempera ture  i s  between 394 t o  422 K 
(250 t o  300 OF). 
The 111-size (554111 b o r c )  c y l i n d r i c a l  r o l -  
l e r  bea r ings  shown i n  F i g .  4 ( b )  a re  manufactured 
b y  two separa te  manufacturers.  
each manufac turer  i s  s u f f i c i e n t l y  d i f f e r e n t  
whereby i n t e r c h a n g a b i l i t y  o f  t h e  bear ing  compo- 
nents  i s  n o t  poss ib le .  
f a c t u r e d  f r o m  A I S I  M-50 s t e e l .  The bear ing  cage 
o r  separa to r  i s  a one-piece, s i l v e r - p l a t e d  
s t e e l ,  i nne r - l and  r i d i n g  design. These bear ings  
a r e  f rom a gas t u r b i n e  eng ine  r e a r  compressor 
p o s i t i o n .  
bear ing .  
l i g h t  r a d i a l  load. The maximum bear ing  speed 
i s  24 000 rpm. Bear ing  o i l - i n  tempera ty re  i n  
t h e  engine i s  approx imate ly  366 K (200 
o i l - o u t  tempera ture  i s  approx imate ly  450 K 
(350 O F ) .  
The bear ings  a r e  i d e n t i -  
These bear-  
The bear ing  cage o r  separa to r  
The des ign  o f  
The bear ings  a r e  manu- 
Opera t ing  loads  a r e  nominal  f o r  t h i s  
They a r e  cons idered t o  be under a 
F )  and 
The t h i r d  bea r ing  t y p e  was t h e  t r i p l e x  b a l l  
bea r ing  s e t  shown i n  F ig .  4 ( c ) .  These a r e  7216- 
s i z e  (80-mm bore )  angu lar -contac t  b a l l  bear ings  
which a re  mounted on t h e  i n p u t  beve l  gear p i n i o n  
s h a f t  o f  a h e l i c o p t e r  t ransmiss ion .  The bear- 
i n g s  a re  manufactured f rom A I S I  M-50. They have 
a one-piece, s i l v e r - p l a t e d  s t e e l ,  inner - race  
r i d i n g  cage. Opera t ing  c o n d i t i o n s  i n  t h e  h e l i -  
c o p t e r  f o r  t h e  t r i p l e x  s e t  i n c l u d e  a r a d i a l  l o a d  
o f  14 123 N (3175 l b )  and a t h r u s t  l o a d  o f  
19  012 N (4274 l b )  a t  a speed o f  6600 rpm. A l l  
t h e  bear ings  i n  t h e  s e t  a re  match ground w i t h  a 
445-N (100- lb )  p re load.  There a re  two manufac- 
t u r e r s  o f  t h i s  bear ing .  However, each manufac- 
t u r e r ' s  des ign  i s  s i m i l a r  which a l l ows  f o r  
complete i n t e r c h a n g e a b i l i t y .  
TEST PROCEDURE 
Endurance t e s t s  were performed i n  o r d e r  t o  
eva lua te  t h e  process o f  r e s t o r i n g  by  g r i n d i n g  
on each o f  t h e  t h r e e  bear ing  types  and de termine 
t h a t  t h e  r e s t o r e d  bear ing  w i l l  p r o v i d e  l i v e s  a t  
l e a s t  as l o n g  as t h e  des i red  t i m e  between over-  
hau l  o f  1600 h r .  Speed, load, and l u b r i c a t i o n  
c o n d i t i o n s  were chosen t o  be r e p r e s e n t a t i v e  o f  
each bear ing  a p p l i c a t i o n .  The t e s t  c o n d i t i o n s  
a r e  shown i n  Tab le  2. 
Each o f  t h e  bear ing  t ypes  were t e s t e d  i n  
t e s t  heads s p e c i f i c a l l y  chosen f o r  t h e  p a r t i c u -  
l a r  speed and load  cond i t i ons .  The t e s t  f a c i l -  
i t i e s  were capab le  o f  con t inuous  r u n n i n g  w i t h  
t e s t  i n t e r r u p t i o n  o n l y  due t o  bea r ing  f a i l u r e  
o r  i n a d v e r t e n t  t e s t  f a c i l i t y  ma l func t i ons .  
l u b r i c a t i o n  systems f o r  t h e  t h r e e  f a c i l i t i e s  
had many common fea tu res .  
MIL-L-23699 Type I 1  es te r ,  f rom s i n g l e  l u b r i c a n t  
batches. The t e s t  bear ings  were l u b r i c a t e d  b y  
j e t s .  
a p p r o p r i a t e  hea t  exchangers t o  m a i n t a i n  t h e  
d e s i r e d  f l o w  r a t e s  and l u b r i c a n t - i n  
temperatures.  
ment due t o  leakage and evapora t i on  i n  eng ine  
and gearbox l u b r i c a t i o n  systems and p e r i o d i c  
l u b r i c a t i o n  changes, t h e  t e s t  f a c i l i t y  l u b r i -  
c a t i o n  systems were p e r i o d i c a l l y  d ra ined  and 
r e f i l l e d  w i t h  new l u b r i c a n t .  Also,  t h e  l u b r i -  
c a n t  was changed each t i m e  a t  new b e a r i n g  o r  
bea r ings  were p u t  on t e s t .  
RESULTS AND D I S C U S S I O N  
The 
Each system used 
The l u b r i c a n t  was r e c i r c u l a t e d  th rough 
I n  o r d e r  t o  s imu la te  l u b r i c a n t  r e p l e n i s h -  
L i f e  A n a l y s i s  
Paramet r ic  r e s u l t s  were generated u s i n g  equa- 
t i o n  (9 ) .  
were d r b i t r a r i l y  chosen: t h e  50-percent l i f e  
( q t  = L5  ) and t h e  10-percent l i f e  ( q t  = L ~ o ) .  
The r e s u f t s  a r e  p l o t t e d  on We ibu l l  coo rd ina tes  
( F i g .  5 )  w i t h  t h e  f r a c t i o n  o f  s t ressed  volume 
removed d u r i n g  r e s t o r a t i o n  as a parameter. 
We ibu l l  coo rd ina tes  (23 )  a r e  t h e  l og - log  o f  t h e  
r e c i p r o c a l  o f  t h e  p r o b a b i l i t y  o f  s u r v i v a l  p l o t -  
t e d  as t h e  s t a t i s t i c a l  percentage o f  specimens 
f a i l e d  ( o r d i n a t e )  aga ins t  t h e  l o g  o f  t i m e  t o  
f a i l u r e  (absc i ssa ) .  The c a l c u l a t i o n s  were per-  
formed f o r  x = 0, 1 /4 ,  1 /2 ,  3/4, and 1, assum- 
i n g  a Weibu l l  s l ope  o f  10/9.  
The extreme values o f  x = 1 and x = 0 a r e  
s p e c i a l  c lasses .  Fo r  x = 1 t h e  e n t i r e  s t ressed  
volume l a y e r  i s  removed, and, t h e r e f o r e ,  an 
e s s e n t i a l l y  brand new bear ing  i s  t h e  r e s u l t .  
The f a i l u r e  r a t e  i n  t h i s  case i s  We ibu l l  i n  
n a t u r e  and p l o t s  as a s t r a i g h t  l i n e  on Weibu l l  
coord ina tes .  Fo r  x = 0 no g r i n d i n g  i s  pe r -  
formed; t h e  f a i l e d  o r  damaged bear ings  a re  
mere ly  c u l l e d  f rom t h e  t o t a l  p o p u l a t i o n  a t  t i m e  
q t .  
Fo r  computat ion two r e s t o r a t i o n  t i m e s  
( T h i s  c o n d i t i o n  i s  t h a t  o f  a r e f u r b i s h e d  
4 
bear ing . )  
s e r v i c e  again.  The r e s u l t s  f o r  x = 0 agrees 
w i t h  t h e  r e s u l t  p resented  i n  Reference 24 f o r  
t h i s  spec ia l  case. 
F o r  values o t h e r  than  x = 1 t h e  f a i l u r e  
r a t e  i s  non-Weibull because t h e  p l o t  i s  n o n l i n -  
ear .  
u res  than  would be t h e  case f o r  a t r u e  We ibu l l  
d i s t r i b u t i o n .  I n  genera l ,  f o r  i n c r e a s i n g  
amounts o f  m a t e r i a l  removed i n  r e s t o r a t i o n ,  t h e  
t h e o r y  p r e d i c t s  c l o s e r  approx imat ion  t o  t h e  new 
bear ing  f a i l u r e  r a t e .  
t h a t  i f  a g i ven  amount o f  m a t e r i a l  i s  t o  be 
removed i n  r e s t o r a t i o n ,  t hen  longer  bea r ing  l i f e  
w i l l  be achieved w i t h  an e a r l i e r  re fu rb ishment ,  
say a t  t h e  10-percent l i f e  r a t h e r  t h a n  t h e  
50-percent l i f e .  
The r a t i o  o f  t h e  10-percent l i f e  o f  
r e s t o r e d  bear ings  t o  t h e  10-percent l i f e  of  
b rand new bear ings  i s  shown i n  F ig .  6. As would 
be expected, t h e  s h o r t e s t  l i f e  c o n d i t i o n s  occur 
when t h e  bear ings  a r e  r e s t o r e d  a t  t h e  50-percent 
l e v e l  w i t h  a minimum amount o f  s t ressed  volume 
removed . 
The remain ing  bear ings  a re  p u t  i n t o  
There a r e  p r o p o r t i o n a t e l y  more e a r l y  f a i l -  
The t h e o r y  a l s o  shows 
Endurance T e s t i n g  
T h i r t y  o f  each o f  t h e  t h r e e  bear ing  t ypes  were 
chosen a t  random f r o m  t h e  groups o f  bea r ings  
r e s t o r e d  by  g r i n d i n g .  These bear ings  were then  
t e s t e d  f o r  endurance i n  t h e i r  r e s p e c t i v e  f a c i l -  
i t i e s  f o r  a d u r a t i o n  o f  1600 h r  a t  c o n d i t i o n s  
r e p r e s e n t a t i v e  o f  t h e  s p e c i f i c  a p p l i c a t i o n .  
o b j e c t i v e  o f  t h e  t e s t s  was t o  demonstrate t h e  
c a p a b i l i t y  o f  t h e  bear ings  r e s t o r e d  by  g r i n d i n g  
t o  ope ra te  s a t i s f a c t o r i l y  f o r  t h e  d e s i r e d  t i m e  
between overhau l  o f  1600 hr .  T h i s  i s  i n  con- 
t r a s t  t o  bea r ing  f a t i g u e  t e s t i n g  which i s  
designed t o  r u n  a t  c o n d i t i o n s  chosen t o  acce le r -  
a t e  s p a l l i n g  f a t i g u e  f a i l u r e s .  
I n  each o f  t h e  t h r e e  s e t s  o f  t e s t s ,  none 
o f  t h e  r e s t o r e d  bear ings  exper ienced f a i l u r e s  
which c o u l d  be r e l a t e d  t o  t h e  r e s t o r i n g  process. 
Twenty-eight o f  t h e  30 7216-size angu lar -contac t  
b a l l  bear ings ,  29 o f  t h e  111-size c y l i n d r i c a l  
r o l l e r  bear ings ,  and a l l  30 o f  t h e  210-size 
s p l i t - i n n e r  r i n g  b a l l  bea r ing  reached t h e  
d e s i r e d  1600 h r  t i m e  w i t h o u t  f a i l u r e .  
The 
E i g h t  210-size s p l i t - i n n e r - r a c e  b a l l  bear-  
i n g s  were t e s t e d  s imu l taneous ly  w i t h  two bear-  
i n g s  i n  each o f  f o u r  t e s t  heads. 
complete t h e  1600 hr  d u r a t i o n  f o r  30 bear ings ,  
t h e  f i n a l  t e s t  se tup  u t i l i z e d  o n l y  t h r e e  o f  t h e  
f o u r  t e s t  heads. The l u b r i c a n t  volume i n  t h e  
sump was ad jus ted  acco rd ing l y .  
Subsequent t o  t h e  success fu l  comple t ion  o f  
t h e  1600 h r  t e s t s ,  t h e  bear ings  were disassem- 
b l e d  and v i s u a l l y  inspec ted .  The raceways had 
v i s i b l e  runn ing  t r a c k s  t y p i c a l  o f  bea r ings  run-  
n i n g  under t h r u s t  load. A l l  r a c e  su r faces  and 
b a l l  su r faces  were g e n e r a l l y  d i s c o l o r e d  from 
h e a t  and l u b r i c a n t  s t a i n i n g .  The raceway run-  
n i n g  t r a c k s  were d i s c o l o r e d  t o  a l e s s e r  ex ten t .  
The c o n d i t i o n  o f  a l l  c o n t a c t i n g  su r faces  i n c l u d -  
i n g  raceways, b a l l s ,  and cage su r faces  was 
e x c e l l e n t ,  w i t h  no i n d i c a t i o n s  o f  any detr imen- 
t a l  e f f e c t s  o f  t h e  r e s t o r i n g  process o r  damage 
f rom t h e  endurance t e s t i n g .  
components suggests t h a t  these bear ings  were 
I n  o r d e r  t o  
The e x t e n t  o f  d i s c o l o r a t i o n  on t h e  b e a r i n g  
exposed t o  r e l a t i v e l y  h i g h  temperatures i n  these  
t e s t s .  The measured o u t e r  r a c e  temperatures 
were i n  t h e  range o f  395 t o  408 K (252 t o  
275 OF) and averaged about 400 K (260 OF). 
O i l - o u t  temperature ranged f rom 386 t o  402 K 
(235 t o  265 OF). The hardness o f  t h e  i n n e r  and 
o u t e r  races  o f  seve ra l  bea r ings  were measured 
a f t e r  d isassembly.  These bear ings  i nc luded  t h e  
bear ing  w i t h  t h e  h i g h e s t  ou ter - race  tempera ture  
(408 K (275 OF)) ( a l s o  most d i s c o l o r e d  bear ing )  
and t h e  bear ing  w i t h  t h e  lowest  ou ter - race  tem- 
p e r a t u r e  (395 K (252 O F ) ) .  A l l  hardnesses were 
i n  t h e  range f rom 58 R c  t o  60 Rc, which i s  
on low end o f  t h e  acceptab le  range f o r  r o l l i n g -  
element bear ings .  These temperatures a re  
approaching t h e  l i m i t s  f o r  t h e  A I S I  52100 
m a t e r i a l .  
Twelve 111-size c y l i n d r i c a l  r o l l e r  bear ings  
were t e s t e d  s imu l taneous ly  w i t h  f o u r  bea r ings  i n  
each of  t h r e e  t e s t  heads. To complete t h e  
1600 h r  t e s t  t i m e  f o r  a l l  30 t e s t  bear ings ,  
dumny bear ings  were used t o  make up t h e  e x t r a  
p o s i t i o n s  i n  t h e  t e s t  head. The measured o u t e r -  
r a c e  temperatures f o r  these bear ings  were i n  t h e  
range f rom 377 t o  391 K (220 t o  245 OF). The 
o i  1-out tempera ture  ranged f rom 369 t o '  377 K 
(205 t o  220 OF). 
Twenty-nine t e s t  bea r ings  completed t h e  
des i red  1600 h r  du ra t i on .  
a f a i l u r e  a f t e r  o n l y  16.3 h r .  
d e t a i l e d  examinat ion  o f  t h i s  bea r ing  i n d i c a t e d  
t h a t  t h e  f a i l u r e  i n i t i a t e d  as a r o l l e r  f a t i g u e  
s p a l l .  F a i l u r e  d e t e c t i o n  equipment d i d  n o t  
d e t e c t  t h e  f a i l u r e  and shu t  down t h e  t e s t  r i g .  
I t  was apparent t h a t  t h e  r o l l e r  s p a l l  propagated 
u n t i l  more than h a l f  t h e  r o l l e r  su r face  was 
seve re l y  spa1 led ,  e v e n t u a l l y  caus ing  cage 
breakup and subsequent severe damage t o  t h e  
o t h e r  r o l l e r s  and t h e  raceways. Because o f  t h e  
seve re l y  ove r run  c o n d i t i o n  o f  t h e  s p a l l e d  area 
on t h e  suspected r o l l e r ,  d e f i n i t e  ev idence o f  a 
m a t e r i a l  d e f e c t  was n o t  found. However, scan- 
n i n g  e l e c t r o n  microscope examinat ion  o f  t h e  
s p a l l e d  area  and me ta l l og raph ic  sec t i ons  th rough 
t h e  s p a l l e d  area  i n d i c a t e d  t h a t  t h e  subsur face  
i n i t i a t e d  r o l l i n g - e l e m e n t  f a t i g u e  was t h e  p r i -  
mary f a i l u r e .  
hardness o f  t h e  r o l l e r ,  i n  genera l ,  were t y p i c a l  
o f  p r o p e r l y  hea t  t r e a t e d  A I S I  M-50, i t  i s  sus- 
pec ted  t h a t  a s t r e s s  c o n c e n t r a t i o n  such as an 
i n c l u s i o n  o r  vo id  was i n  t h e  c r i t i c a l  area. 
A d d i t i o n a l l y ,  t h e r e  was no evidence o f  r o l l e r  
skew o r  unusual end wear on any r o l l e r s  f rom 
t h i s  bear ing .  
was n o t  r e l a t e d  t o  t h e  r e s t o r i n g  by  g r i n d i n g  
process. The process i nc ludes  i n s t a l l i n g  new 
r o l l e r s  i n  t h e  r e s t o r e d  bear ing ,  and such new 
r o l l e r s  a r e  o f  a q u a l i t y  which would be 
i n s t a l l e d  i n  new bear ings .  Thus, such a f a i l u r e  
c o u l d  have occur red  i n  a new b e a r i n g  as w e l l  as 
i n  t h i s  r e s t o r e d  bear ing .  
The bear ings  t h a t  completed t h e  1600 h r  
t e s t s  were disassembled and v i s u a l l y  inspec ted .  
I n i t i a l  examinat ion  w i t h  t h e  unaided eye 
revea led  t h e  raceways i n  good c o n d i t i o n ,  w i t h  
r o l l e r  t r a c k s  somewhat more apparent on t h e  
o u t e r  raceways than on t h e  i n n e r  raceways. 
Cages were i n  e x c e l l e n t  c o n d i t i o n  w i t h  t h e  nor-  
mal l i g h t  wear o r  b u r n i s h i n g  o f  t h e  s i l v e r  p l a t -  
i n g  i n  t h e  pockets  and t h e  i n n e r  r a c e  r i d i n g  
lands. The r o l l e r s  n e a r l y  a l l  showed some c i r -  
One bear ing  s u f f e r e d  
Subsequent 
S ince  t h e  m i c r o s t r u c t u r e  and 
I t  i s  concluded t h a t  t h i s  premature f a i l u r e  
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cumfe ren t ia l  l i n e s  t y p i c a l l y  observed on t e s t e d  
r o l l e r  bear ings .  The r o l l e r  ends and t h e  i n n e r  
r a c e  f l ange  con tac ts  were i n  e x c e l l e n t  c o n d i t i o n  
r e v e a l i n g  no s i g n i f i c a n t  abnormal r o l l e r  mot ion.  
However, i n  a few o f  t h e  bear ings ,  t h e  cage 
pocket  wear i n d i c a t e d  a very  s . l i g h t  amount of  
r o l l e r  skewing. However, t h e  e x t e n t  o f  skewing 
does n o t  appear t o  p resen t  a problem. 
More d e t a i l e d  examinat ion  a t  low magn i f i -  
c a t i o n  (6X) o f  t h e  su r faces  o f  r o l l e r s  f rom 
seve ra l  o f  t h e  bear ings  revea led  sha l low su r face  
d i s t r e s s  o r  p i t t i n g  w i t h i n  t h e  f l a t  l e n g t h  of 
t h e  r o l l e r  and g e n e r a l l y  toward t h e  b lend  o f  t h e  
f l a t  l e n g t h  and t h e  crown. The depth  o f  p i t -  
t i n g ,  as measured f r o m  su r face  p r o f i l e  t r a c e s  
and m e t a l l o g r a p h i c  sec t i ons ,  was t y p i c a l l y  l e s s  
t h a n  0.013 mm (0.0005 i n . ) .  A l though t h e  i n n e r  
and o u t e r  raceways showed some i s o l a t e d  ev idence 
o f  very  minor  su r face  d i s t r e s s ,  t h e  damage was 
m a i n l y  l i m i t e d  t o  t h e  r o l l e r  sur faces .  
Surface f i n i s h e s  o f  t h e  r o l l e r s  and race- 
ways were measured on 10  bear ings  randomly 
chosen f r o m  t h e  t o t a l  l o t  o f  30. The o u t e r  
raceways measured e i t h e r  0.103 o r  0.127 pm (4  o r  
5 p in . )  RMS i n  a l l  cases. The r o l l e r  c y l i n d r i -  
c a l  su r faces  measured f rom 0.103 t o  0.152 pm 
( 4  t o  6 p in . )  RMS. The i n n e r  raceway su r faces  
ranged f rom 0.089 t o  0.432 pm (3.5 t o  17 p in . )  
RMS. The eng ine  manufac turer ' s  d rawing  f o r  t h i s  
bea r ing  s p e c i f i e s  0.254 wn (10 u i n . )  o r  b e t t e r  
f o r  these su r faces  a l though bear ing  manufactur-  
e r s  t y p i c a l l y  f i n i s h  t o  b e t t e r  su r faces  as i n d i -  
ca ted  b y  t h e  o u t e r  raceway and r o l l e r  su r faces  
measured here.  
I n  a l l  cases where t h e  su r face  f i n i s h  o f  
t h e  i n n e r  raceway equa l l ed  o r  exceeded t h e  spe- 
c i f i e d  0.254 pm ( 1 0  p in . ) ,  su r face  d i s t r e s s  was 
observed on t h e  r o l l e r s .  On two bear ings ,  where 
i n n e r  raceway f i n i s h e s  were 0.152 and 0.178 pm 
( 6  and 7 p in . )  RMS, some r o l l e r  su r face  d i s t r e s s  
was observed. 
i n n e r  raceways v a r i e d  f rom 0.089 t o  0.203 p m  
(3.5 t o  8 p in . )  RMS, no r o l l e r  su r face  d i s t r e s s  
was observed. 
On t h e  o t h e r  bear ings ,  where 
The elastohydrodynamic (EHD) f i l m  th i ckness  
i n  t h e  r o l l e r  raceway c o n t a c t s  was c a l c u l a t e d  
u s i n g  a high-speed r o l l e r  bea r ing  computer pro- 
gram f o r  t h e  c o n d i t i o n s  o f  these t e s t s .  
f i l m  t h i ckness  a t  b o t h  t h e  i n n e r  and o u t e r  
raceway c o n t a c t s  i s  es t ima ted  t o  be ~ 0 . 2 0 3  pm 
( 8  p in . ) .  
o f  t h e  EHD f i l m  th i ckness  i s  t h e  r a t i o  of EHD 
f i l m  t h i ckness  t o  t h e  composi te su r face  rough- 
ness (I. T h i s  r a t i o  i s  o f ten  r e f e r r e d  t o  as 
f i l m  t h i ckness  parameter o r  A .  The composi te 
su r face  roughness (J i s  t h e  square r o o t  o f  t h e  
sum o f  t h e  squares o f  t h e  su r face  f i n i s h e s  of  
t h e  two su r faces  i n  con tac t .  F o r  those bear ings  
where t h e  inner - race  sur face  f i n i s h  was 0.754 um 
( 1 0  p in . )  RMS o r  g rea te r ,  A was 0.68 o r  l ess .  
Where A i s  <1.0, i t  should be expected t h a t  
cons ide rab le  a s p e r i t y  c o n t a c t  w i l l  occur  
(25,26). 
sur face- to -sur face  c o n t a c t  a re  expected t o  be  
f u r t h e r  aggravated by sk idd ing .  
r a d i a l  l o a d  o f  these t e s t s ,  i t  i s  expected t h a t  
some s k i d d i n g  e x i s t s ,  wherein t h e  r o l l e r s  a re  
o r b i t i n g  a t  a speed l e s s  than e p i c y c l i c  speed. 
Under these c o n d i t i o n s  o f  s k i d d i n g  and low A ,  
i t  may be expected t h a t  some su r face  damage 
The 
An accepted c r i t e r i o n  f o r  t h e  e f f e c t i v e n e s s  
The de t r imen ta l  e f f e c t s  o f  t h i s  
A t  t h e  very  low 
would occur.  Thus, t h e  su r face  d i s t r e s s  
observed on t h e  r o l l e r s  was apparen t l y  r e l a t e d  
t o  t h e  t e s t  cond i t i ons ,  and n o t  a t t r i b u t e d  t o  
t h e  r e s t o r i n g  by  g r i n d i n g  process. 
t hese  t e s t s  a re  es t imates  o f  those t h a t  t h e  
bear ing  exper iences  i n  t h e  engine. 
c o n d i t i o n s ,  o f  course, a r e  n e i t h e r  cons tan t  n o r  
e a s i l y  determined. Whether t h e  eng ine  cond i -  
t i o n s ' a r e  such t h a t  su r face  d i s t r e s s  would 
occur,  such as t h a t  observed on these  t e s t  bear-  
ings ,  i s  n o t  known, b u t  i n  view o f  t hose  t e s t  
r e s u l t s ,  t h a t  p o s s i b i l i t y  e x i s t s .  
W i th  t h e  excep t ion  o f  some i n n e r  raceway 
The l o a d  and temperature c o n d i t i o n s  f o r  
The eng ine  
su r face  f i n i s h e s  n o t  meet inq  s p e c i f i c a t i o n s ,  t h e  
endurance t e s t s  revea led  no problems r e l a t e d  t o  
t h e  r e s t o r i n g  by  g r i n d i n q  process. Raceway su r -  
face  f i n i s h  d e v i a t i o n s  a r e  o c c a s i o n a l l y  found i n  
new bear ings ,  so  i t  i s  n o t  a problem un ique t o  
r e s t o r e d  bear ings .  
T h i r t y  7216-size angul a r -contac t  b a l l  bear- 
i ngs  were chosen a t  random f rom t h e  tandem p a i r s  
of  30 t r i p l e x  se ts .  
s imu l taneous ly  w i t h  f o u r  bea r ings  r e q u i r e d  f o r  
each t e s t  setup. 
1600 h r  d u r a t i o n  f o r  30 bear ings ,  a d d i t i o n a l  
bear ings  were chosen a t  random f rom t h e  remain- 
i n g  bear ings .  
these bear ings  were i n  t h e  range f rom 358 t o  
364 K (185 t o  195 OF). 
ranged f rom 350 t o  355 K (170 t o  180 OF). 
i n n e r  r i n g s  o f  two ad jacen t  bea r ings  began t o  
t u r n  on t h e i r  s h a f t .  
c o u l d  n o t  be t e s t e d  f u r t h e r .  T h e i r  raceways, 
b a l l s ,  and cage su r faces  were i n  e x c e l l e n t  con- 
d i t i o n .  The bore  d iameters  were w i t h i n  t o l e r -  
ances, b u t  near maximum. T h i s  f a c t ,  coup led  
w i t h  a s h a f t  s i z e  near minimum apparen t l y  
a l l owed  an undes i rab le  f i t  s i t u a t i o n  w i th  t h i s  
p a r t i c u l a r  bea r ing  p a i r .  S ince  t h e  bores  were 
w i t h i n  to le rances ,  t h i s  f a i l t i r e  c o u l d  n o t  be  
d i r e c t l y  a t t r i b u t e d  t o  t h e  r e s t o r i n g  process. 
Whi le  runn ing  t h e  l a s t  two bear ings  i n  t h e  
30 bear ing  samples, an a d d i t i o n a l  bear ing ,  one 
o f  two which were used o n l y  as s l a v e  bear ings  
a t  t h e  oppos i te  end o f  t h e  t e s t  sp ind le ,  s u f -  
f e r e d  a severe b a l l  f a i l u r e .  A l though t h i s  
bea r ing  was n o t  one o f  t h e  o r i g i n a l  random sam- 
p l e  o f  30 bear ings ,  i t  was a bear ing  f rom t h e  
30 r e s t o r e d  t r i p l e x  se ts .  Observa t ion  o f  t h e  
f a i l e d  bear ing  i n d i c a t e d  t h a t  t h e  b a l l  f a i l u r e  
was due t o  a m e t a l l u r g i c a l  d e f e c t  i n  t h e  b a l l  
and had no  r e l a t i o n  t o  t h e  r e s t o r i n g  process o f  
t h e  races .  
Subsequent t o  t h e  1600 h r  t e s t s ,  t h e  bear- 
E i g h t  bea r ings  were t e s t e d  
I n  o rde r  t o  complete t h e  
The measured ou ter - race  tempera tures  f o r  
O i l - o u t  tempera ture  
A f t e r  1122 h r  w i t h  one s e t  o f  bear ings ,  t h e  
They were removed and 
ings  was disassembled and v i s u a l l y  inspec ted .  
The i n n e r  raceway had v i s i b l e  runn ing  t r a c k s  
t y p i c a l  o f  bear ings  r u n  under such c o n d i t i o n s  
f o r  extended times. 
v i s i b l e  t r a c k s  t y p i c a l  o f  b a l l  bear ings  under 
combined r a d i a l  and t h r u s t  l oad  cond i t i ons .  The 
genera l  c o n d i t i o n  o f  a l l  raceways, b a l l  sur-  
faces ,  and cage sur faces  was e x c e l l e n t ,  w i t h  no 
i n d i c a t i o n s  o f  any de t r imen ta l  e f f e c t s  o f  t h e  
r e s t o r i n g  process. 
The o u t e r  raceways had 
SUMMARY 
A l i f e  a n a l y s i s  f o r  reground bear ings  has been 
developed. 
reground bear ing ,  i t  was assumed t h a t  t h e  prob- 
a b i l i t y  o f  s u r v i v a l  o f  t h e  b e a r i n g  was equal  t o  
t h e  p roduc t  o f  t h e  i n d i v i d u a l  p r o b a b i l i t i e s  o f  
s u r v i v a l  f o r  t h e  newly s t ressed  and p r e v i o u s l y  
s t ressed  m a t e r i a l s .  There fore ,  t h e  s t ressed  
volume removed by  g r i n d i n g  and t h e  number o f  
s t r e s s  c y c l e s  accumulated b e f o r e  g r i n d i n g  a re  
v a r i a b l e s  t h a t  a f f e c t  t h e  l i f e  o f  t h e  reground 
bear ings .  
f rom t h r e e  separa te  bea r ing  t ypes  which were 
s e l e c t e d  f o r  t e s t i n g .  
i n g s  f rom each t y p e  were endurance t e s t e d  f o r  
1600 h r .  
I n  p r e d i c t i n g  t h e  l i f e  o f  t h e  
A t o t a l  o f  250 bear ings  were reground 
O f  t h i s  number, 30 bear- 
The f o l l o w i n g  r e s u l t s  were obtained. 
1. The 10-percent l i f e  o f  reground bear ings  
ranges  f r o m  74 t o  100 pe rcen t  o f  t h e  l i f e  o f  
brand new bear ings .  
b e a r i n g ' s  p rev ious  s e r v i c e  t i m e  and t h e  amount 
o f  m a t e r i a l  volume removed. 
T h i s  l i f e  depends on t h e  
2.  The f a i l u r e  d i s t r i b u t i o n  f o r  r e s t o r e d  
and r e f u r b i s h e d  bear ings  i s  non-Weibull w i t h  a 
b i a s  toward more e a r l y  f a i l u r e s  than t h a t  o f  a 
We ibu l l  d i s t r i b u t i o n .  
3. No bear ing  f a i l u r e  occur red  r e l a t e d  t o  
m a t e r i a l  removal. 
due t o  d e f e c t i v e  r o l l i n g  elements and were t yp -  
i c a l  o f  t hose  which may occur  i n  new bear ings .  
Two bear ing  f a i l u r e s  occur red  
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Table 1 S p e c i f i c a t i o n  
Bear ing  
P i t c h  diameter,  
mm ( i n . )  
To1 erance 
Contac t  ang le  
Bear ing  s t e e l  
Number o f  r o l -  
l i n g  elements 
Cage m a t e r i a l  
Cage t ype  
Conformity,  
pe rcen t  
i n n e r  r a c e  
o u t e r  r a c e  
um (u in .1  
i n n e r  r a c e  
o u t e r  r a c e  
r o l l i n g  
e 1 ement 
Sur face  f i n i s h  
B a l l  o r  r o l -  
l e r  d iameter,  
mrn ( i n . )  
R o l l e r  crown 
rad ius ,  mm 
( i n . )  
mm ( i n . )  
R o l l e r  leng th ,  
210-Size s p l i t -  
i n n e r  r i n g  b a l l  
bear i ng 
70 (2.756) 
ABEC-5 
27 t o  30" 
A I S I  5210C 
1 4  
Bronze 
One piece, 
i nner-1 and 
r i d i n g  
51.5 
52 
12.700 (0.5000) 
111-Size 
c y l i n d r i c a l  
r o l l e r  
bea r ing  
72.5 (2.854) 
S tee l  
One piece, 
inner-1 and 
r i d i n g  
l o  
10 
6 
8.999 (0.3543) 
1778 (70) 
9.000 (0.354) 
'216-Size angular-  
c o n t a c t  b a l l  
bear i ng 
110 (4.331) 
ABEC-5 
25O 
A I S I  M-50 
15 
S tee l  
One p iece ,  
i nner-1 and 
r i d i n g  
52 
52 
6, 
6 
1 
19.844 (0.78125) 
9 
Tab le  2 Endurance t e s t  c o n d i t i o n s  
Bear ing  
~ 
Sp ind le  speed, rpm 
Rad ia l  load, N(1b) 
Th rus t  load,  N(1b) 
Maximum H e r t z  
s t ress ,  N/m2 
i n n e r  race  
o u t e r  r a c e  
( P s i )  
Depth t o  maximum 
shear s t ress ,  Zo, 
mm ( i n . )  
i n n e r  r a c e  
o u t e r  r a c e  
L u b r i c a n t  i n l e t  
temperature,  K 
( O F )  
Lubr icanS f l o w  
r a t e ,  m /sec 
(gpm) 
Bear ing  o u t e r  r a c e  
tgmperature,  K 
L u b r i c a n t  o u t l e t  
temperature,  K 
A 
i n n e r  race  
o u t e r  r a c e  
( F )  
( O F )  
C a l c u l a t e d  L10 
l i f e ,  h r  
w i t h  l u b r i c a n t  
f a c t o r  
w i t h o u t  l u b r i c a n t  
f a c t o r  
w i t h  l u b r i c a t i o n  
and m a t e r i a l  
f a c t o r s  
Sump capac i t y ,  m3 
Number o f  bea r ings  
L u b r i c a n t  change 
( s a l )  
per  sump 
i n t e r v a l ,  h r  
210-Size s p l i t -  
i n n e r  r i n g  b a l l  
bea r ing  
24 000 
0 
2002 (450) 
. .018x109 ( 1 4 8 ~ 1 0 ~ )  
. .256x109 ( 1 8 2 ~ 1 0 ~ )  
.070 (0.0027) 
.125 (0.0049) 
365*3 (195*5) 
2 4 ~ 1 0 - 6 - L 2 . 7 ~ 1 0 - ~  
( 0.38i0.043 ) 
400 (260) 
391 (245) 
1.73 
1.88 
11 910 
5 923 
7 1  460 
1 5 . 1 ~ 1 0 - ~  (4) 
4 
100 
111-Size c y l i n -  
d r i c a l  r o l l e r  
bea r ing  
24 000 
445 (100) 
0 
).779x109 ( 1 1 3 ~ 1 0 ~ )  
.810x109 ( 1 1 7 ~ 1 0 ~ )  
.033 (0.0013) 
.047 (0.0019) 
364*3 (195*5) 
2 4 x 1 0 - ~ 2 . 7 ~ 1 0 - ~  
(0.38i0.043) 
391 (245) 
377 (220) 
.63 
.68 
15 000 
62 464 
90 000 
15 .1~10-~  ( 4 )  
4 
100 
7216-Size angu lar -  
c o n t a c t  b a l l  
b e a r i n g  
6600 
8474 (1905 
11 405 (2564 
2 . 1 5 7 ~ 1 0 ~  ( 3 1 3 ~ 1 0 ~  
I .868x109 (271x103 
.317 (0.0125 
.134 (0.0053i  
339+6 (150*10) 
132x10-~18.9x10-6  
( 2.1*0 .3) 
372 (210) 
366 (200) 
1.54 
1.72 
769 
521 
4614 
4 5 . 4 ~ 1 0 - ~  ( 1 2 )  
8 
600 
10 
FIGURE 1. - FATIGUE CRACK EMANATING FROM AN INCLUSION. 
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FIGURE 4.- TEST BEARINGS. 
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(A) TIME OF REFURBISHMENT AND RESTORATION WAS 
L1o POINT. 
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RUNNING TIME EXPRESSED AS RATIO OF STRESS 
CYCLES ON RESTORED BEARING TO ORIGINAL 
10 PERCENT LIFE, R/L1o 
(B) TIME OF REFURBISHMENT AND RESTORATION WAS 
L50 POINT. 
FAILURE 5.- FAILURE RATE OF REFURBISHED AND RE- 
STORED BEARINGS FOR VARIOUS FRACTIONS OF STRESSED 
VOLUME REMOVED. 
. 
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TIME, 
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FRACTION OF REMOVED STRESS VALUE, x 
FIGURE 6.-  RATIO OF 10-PERCENT L I F E  OF RESTORED BEARING 
TO 10-PERCENT LIFE OF ORIGINAL BEARINGS AS A FUNCTION 
OF STRESSED VOLUME REMOVED. 
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